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Abstract Ecological conditions shape natural distribution of
plants. Populations are denser in optimal habitats but become
more fragmented in the areas of suboptimal environmental
conditions. Usually, fragmentation increases towards the
limits of species distribution. Fragmented populations are
often characterised by decreased genetic variation, and this
effect is frequent in peripheral populations, mostly due to the
reduced effective population size. Interestingly, the genetic
consequences of fragmentation seem to be relatively weak in
forest trees. Using microsatellite markers, we assessed the
impact of population fragmentation on the genetic structure
of a European tree species Acer campestre. Within the study
area, this medium-size wind-dispersed and insect-pollinated
tree reveals a gradual decrease in population density towards
the northern range limit. Over the distance of 150 km, we
detected the significant decrease in allelic richness, heterozy-
gosity as well as an increase in the rate of population diver-
gence along with latitude. On the other hand, we failed to
show that the observed patterns of genetic structure result
from the variation in population densities. Moreover, inbreed-
ing levels revealed no association with both density and
geographic location, suggesting that pollen limitation does
not occur, even at the range margin. As we showed that there
is no difference in a dispersal scale between low- and high-
density populations in the study species, we argue that the
genetic structure is a result of postglacial recolonization.
However, unlikemany other forest trees,A. campestre showed
the sharp latitudinal genetic pattern at a very restricted spatial
scale. Limited dispersal and high fragmentation are likely the
reasons.
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Introduction
Besides the climate, one of the most critical factors of the
current distribution of plants is historical and current land-
scape use by humans. Exploitation of natural resources often
causes habitat fragmentation, limiting plant distribution and
increasing the risk of local extinction. Along with human
impact, ecological conditions shape natural distribution of
plants (Brown 1984; Austin 2007). Generally, populations
are denser in ecologically suitable habitats and become more
fragmented towards ecological margins. In fact, ecological
conditions often co-vary with geographic location (Holt &
Keitt 2000; Eckert et al. 2008), leading to geographic patterns
of species abundance and diversity (Martin & McKay 2004;
Eo et al. 2008; Kunin et al. 2009; Guo 2012).
Population fragmentation often leads to reduced effective
population size (Young et al. 1996; Vucetich & Waite 2003).
In effect, fragmented populations are generally characterised
by decreased genetic variation (Leimu et al. 2006). In partic-
ular, it is well recognised in peripheral populations as com-
pared with central ones (the ‘central-marginal’ genetic pattern)
(reviewed in Eckert et al. 2008; but see, e.g. Munwes et al.
2010). According to the theoretical predictions, less genetical-
ly diverse populations are often characterised by lower viabil-
ity (Frankham 2003; Reed and Frankham 2003; Aguilar et al.
2008) and/or adaptability (Young et al. 1996, Willi et al.
2006). However, the risk of negative consequences of frag-
mentation is related primarily to the dispersal capability
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(Thomas 2000). Dispersal is a means for both colonisation of
new habitats and gene exchange among populations (Howe
and Smallwood 1982; Travis and Dytham 1998). Therefore,
dispersal influences rates of extinction and recolonisation, as
well as genetic drift within existing populations. Additionally,
rates of dispersal determine mating patterns and spatial genetic
structure of a population. Limited dispersal accompanied by
low density of pollen donors can lead to pollen limitation
syndrome, which often drives inbreeding through increased
self-fertilisation (in self-compatible species) or mating be-
tween relatives (Kalisz et al. 1999; Rajora et al. 2002;
Johnson et al. 2009). In consequence, a decreased heterozy-
gosity (due to inbreeding) facilitates expression of deleterious
genes, having negative impact on the fitness and, consequent-
ly, increasing extinction risk (Newman and Pilson 1997;
Herlihy and Eckert 2002; Reed and Frankham 2003; Vilas
et al. 2006; Gargano et al. 2009). Thus, it is expected that the
species characterised by low dispersal capabilities are more
prone to negative consequences of fragmentation (White et al.
2002; Jump and Penuelas 2006; O'Connell et al. 2007;
Montoya et al. 2008) and, they should also exhibit more
apparent central-marginal patterns.
Interestingly, the genetic consequences of fragmentation
seem to be generally weak in forest trees (Kramer et al.
2008), although more recent reviews indicated that the effect
size may be related with the pollination mechanism (Vranckx
et al. 2011). However, forest trees are often characterised by
intensive gene flow and strong human impact through
the forest management (including translocation of forest
reproductive material), which make studies of the effects
of population fragmentation upon the distribution of
genetic diversity difficult. Therefore, more data are
needed to evaluate the actual susceptibility of this group
of species to fragmentation.
European tree Acer campestre L. (field maple) can serve as
a valuable example of tree species living at different levels of
population fragmentation. The natural species distribution
covers most of Europe, excluding northern parts. Across its
natural range, field maple does not form pure stands, but
instead it is often a subdominant species in many plant com-
munities. Given its low commercial importance, field maple
does not experience a silvicultural treatment and often grows
in spontaneously established, semi-natural populations. In
Poland, the distribution of A. campestre reaches a north-
eastern limit, with the apparent latitudinal reduction of species
abundance within several hundred kilometres. This makes
excellent opportunity to study the impact of natural population
fragmentation on the genetic structure of a tree species over a
relatively short distance.
So far, Acer species were found to reveal high genetic
variation (Rusanen et al. 2003; Beletti et al. 2007; Pandey
et al. 2012) and a local spatial genetic structuring, mostly due
to limited seed dispersal (Geburek 1993; Young and Merriam
1994; Pandey et al. 2012). On the contrary, at metapopulation
scale, spatial genetic structure is not so evident (Young et al.
1993; Rusanen et al. 2000; Beletti et al. 2007; but see Guarino
and Cipriani 2013), suggesting weak barriers to gene flow
between populations. As compared with the other Acer spe-
cies, however, population genetic data on field maple are
extremely scarce. Two instances include the phylogenetic
study on European Acer species (including A. campestre;
Guarino et al. 2008) and the unpublished dissertation on
reproduction system of A. campestre (Bendixen 2001).
However, no systematic data exist on genetic variation and
population genetic structure. Because field maple exhibits
natural fragmentation increasing northwards (i.e. towards the
natural limit of the distribution) in the study area, our
goal was to verify whether genetic variation (as a result
of changes in effective population size) and inbreeding
(as a result of changes in pollen availability) co-varies
with the species’ density. Additionally, because the de-
crease in species density overlaps with the direction of
historical recolonisation wave after the last glacial peri-
od, we tested whether fragmentation had an effect on
the scale of gene dispersal, and thus whether contem-
porary dispersal rather than historical colonisation was a
true factor of the observed genetic structure.
Materials and methods
Study species
Field maple is a medium-size European tree, typically
reaching 15 m tall (exceptionally 25 m) and 60–70 cm in
trunk diameter. The species is fairly resistant to drought and
often exists in xerothermic communities. Nonetheless, it is
very often found in wet-ground forests. Thus, moisture or
precipitation is not the main factor limiting the natural distri-
bution. On the other hand, field maple seems to be quite
susceptible to frost, especially at the beginning of a vegetative
season. In Poland, the frequency of late frosts reveals sharp
latitudinal gradient (Woś 1999), having potentially impact on
the distribution of the species. As a shade-tolerant middle-size
tree, field maple is typically present under canopy of forest
stand. It produces hermaphrodite flowers, but usually individ-
uals show complex temporal patterns of sex expression during
a flowering season (De Jong 1976). Consequently, field maple
is pre-dominantly allogamous, although individual trees can
be capable of self-fertilisation (Bendixen 2001). Interestingly,
pollen of A. campestre is less sticky as compared with other
European Acer species (Hesse 1979). Hence, typically ento-
mophilous A. campestre is supposedly capable of dispersing
some portion of pollen by wind. Winged seeds (samaras) are
dispersed by wind in autumn. In forests, seed dispersal is
restricted mostly to the neighbourhood of a tree. On the other
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hand, in open areas samaras can be dispersed over larger
distances, allowing for occasional colonisation of new habitats
and gene flow between populations.
Study populations and sampling
In order to minimise the risk of human impact, all study sites
were located within nature reserves. After careful inspection
within two neighbouring provinces (voivodeships), 13 repre-
sentative nature reserves were chosen (Table 1). Generally, the
selected sites represent wet-ground forests such as riparian
forests (mostly in the north) and hornbeam-oak forests.
According to the species’ abundance, localities were divided
into the northern and the southern metapopulation (Table 1;
Fig. 1). The northern metapopulation was composed of mar-
ginal, highly fragmented populations. Conversely, the south-
ern metapopulation represented a region of high species abun-
dance and low fragmentation. For each locality, bioclimatic
data were extracted from WorldClim database (Hijmans et al.
2005) using DIVA GIS 7.5 software (Hijmans et al. 2001).
Out of 19 climatic variables in total, we retained only annual
mean temperature (MAT) and total annual precipitation
(TAP), as the two basic components of the climate. Both
MAT and TAP were significantly correlated with latitude
(p value <0.001 and 0.032, respectively; based on the product
moment correlation coefficient) but revealed no association
with longitude (p value 0.462 and 0.201, respectively). In
total, 431 samples (a single leaf per individual) were taken.
After transportation to the lab, leaves were left to dry out at
room temperature and then grinded into powder for DNA
extraction.
Molecular methods
Total genomic DNAwas extracted using GeneMatrix Plant and
Fungi DNAPurificationKit (EURx, Gdańsk, Poland), according
to themanufacturer's protocol. Genetic variationwas investigated
based on nuclear (nSSR)microsatellite loci.We initially tested 16
primers developed for European Acer species (MAP series de-
veloped by Pandey et al. 2004, Aop series developed by Segarra-
Moraguez et al. 2008). Although all 16 primers gave positive
amplification results, unequivocal interpretation of PCR products
was possible for seven markers only. Interestingly, MAP40
showed two independent amplification zones, with one of them
being highly polymorphic while the second one being mono-
morphic. Using the Multiplex PCR Kit (QIAGEN) two PCR
reactions were designed in order to amplify four (MAP46,
MAP9, Aop132 and Aop943) and two (Aop116 and Aop 450)
markers in a single reaction. In addition, MAP40 was amplified
in a separate PCR reaction. PCR programme started with initial
denaturation at 95° for 5 min. It was followed by nine touch-
down cycles (94° for 30 s, 56° (−1°/cycle) for 90 s and 72° for
1 min) and 25 regular cycles (94° for 30 s, 48° for 90 s and 72°
for 1 min). Finally, samples were kept at 72° for 10 min in order
to finalise reactions. PCR products were sized using the auto-
matic sequencer ABI3130XL (Applied Biosystems/Hitachi).
Data analysis
Species distribution, local fragmentation intensity
and effective population size
Based on the presence-absence data reflecting the distribution
of the species in Poland (Fig. 1; based on Zając and Zając
Table 1 Description of sampled populations
Population name ID Geographic coordinates Number of samples MAT (°C) TAP (mm)
Southern metapopulation
Bielawy BI E 17° 28′ 17′ N 52° 27′ 34′ 34 8.0 535
Czeszewski Las CZ E 17° 30′ 50′ N 52° 08′ 11′ 40 8.4 516
Dębno nad Wartą DE E 17° 28′ 27′ N 52° 05′ 39′ 33 8.4 515
Dwunastak DW E 17° 31′ 22′ N 52° 09′ 58′ 33 8.4 516
Jezioro Drążynek JD E 17° 16′ 57′ N 52° 26′ 57′ 33 8.1 529
Las Liściasty w Promnie LP E 17° 16′ 10′ N 52° 26′ 49′ 11 8.1 529
Rezerwat Dębina RD E 17° 08′ 11′ N 52° 47′ 50′ 35 7.9 547
Wiązy w Nowym Lesie WN E 17° 28′ 08′ N 52° 28′ 15′ 35 8.0 535
Northern metapopulation
Kępa Bazarowa KB E 18° 36′ 49′ N 53° 00′ 18′ 35 8.0 522
Kuźnik KU E 16° 44′ 45′ N 53° 11′ 29′ 35 7.6 582
Las Mariański LM E 18° 13′ 07′ N 53° 09′ 28′ 33 7.8 537
Łęgi na Ostrowiu Panieńskim LO E 18° 24′ 22′ N 53° 21′ 16′ 39 7.7 536
Ostrów Panieński OP E 18° 23′ 23′ N 53° 20′ 58′ 35 7.7 536
Two last columns show basic climate variables: annual mean temperature (MAT) and total annual precipitation (TAP)
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2001), the kernel density estimation was used to obtain a
generalised density map of the species′ distribution in
Poland (Fortin et al. 2005). For this purpose, we used the
function ‘heatmap’ available in QGIS 2.2 (http://qgis.
org), setting the kernel function to Epanechnikov and
choosing the radius of 40 km. Then, for the ith
population, we extracted the point density value ρi
using point sampling tool plug-in (http://hub.qgis.org/
projects/pointsamplingtool) working under QGIS.
Although the value of ρi estimated in that way did not
represent a density expressed in biologically meaningful
units (e.g. populations/ha), it was used as a surrogate of
(relative) local fragmentation of a metapopulation. The
two-sample t test was applied for testing the difference
in the mean density ρ between the two metapopulations,
with p value determined by permutation.
For each population, the effective population size Ni was
estimated using the linkage disequilibrium-based approach
(ldne computer programme; Waples and Do 2008). Because
the method is sensitive to low-frequency alleles, we used 0.02
as a minimum threshold for allele frequencies. In order to
compare the rate of genetic drift at a local level between the
two metapopulations, the average of Ni was computed
for each metapopulation. For this purpose, we used the
harmonic mean of the estimates for individual popula-
tions because Ni estimates are in fact inverses of the
true estimates (coefficients of linkage disequilibrium,
r2). Based on the inverses of Ni values, the two-
sample t test was used to test the difference in the
mean N between the two metapopulations.
Genetic variation and inbreeding
Genetic variation was investigated using standard genetic
indices calculated per locus/population, including a number
of alleles (A), allelic richness (AR; estimated using rarefac-
tion), observed and expected heterozygosity (Ho and He,
respectively). To describe the overall genetic variation Nei's
statistics (expected within-population heterozygosity (Hs) and
total heterozygosity (Ht), Gst=1–Hs/Ht) were computed
using FSTAT (Goudet 1995). Inbreeding coefficients FIS were
estimated using the Bayesian procedure implemented in
INEST 2.0 software (using the individual inbreeding model;
Chybicki & Burczyk 2009), which is robust to the presence of
null alleles. Posterior distribution was approximated based on
100,000 MCMC samples (disregarding first 10,000 samples).
In order to assess the statistical significance of inbreeding we
compared the full model with the random mating model (i.e.
when FIS is fixed at 0) using the Bayesian procedure based on
the Deviance Information Criterion (DIC; cf. Chybicki et al.
2011).
Genetic structuring
Using hierarchical analysis of molecular variance (AMOVA),
we quantified the partitioning of genetic variance within and
among the hierarchal levels (populations within the two meta-
populations, metapopulations and total). The analysis was
performed in Arlequin 3.5.1.3 (Excoffier and Lischer 2010).
Using STRUCTURE 2.3.4 software (Pritchard et al. 2000;
Falush et al. 2003, 2007), we tested whether any discrete
Fig. 1 Distribution of the study species in Poland and location of the
study sites. Small circles show the distribution of Acer campestre in
Poland in the form of the presence-absence data (Zając and Zając
2001). The heat map shows the relative abundance of Acer campestre
in Poland estimated using kernel density estimation based on the
presence-absence data. The line shows how the high- (southern) and
low-density (northern) metaopopulations were delimited
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genetic structure exists among populations. Genotypes were
clustered assuming correlated allele frequencies and admix-
ture. Because null alleles were likely to be present at some loci
(see ‘Results’), the ‘Recessive Alleles’ model was used. The
posterior distribution was approximated with 1,000,000 sam-
ples (but first 500,000 samples were disregarded for burn-in).
The analysis was performed assuming the number of clusters
K=1 to 26, with 25 repetitions per each K. Then, the
optimum K was determined based on the Delta K
approach (Evanno et al. 2005) using STRUCTURE
HARVESTER Web application (Earl & vonHoldt
2012). Given that the optimum K>1 (see ‘Results’),
for each population admixture level was assessed using




(Simpson 1949), where πjk denotes the probability that
a random individual in the jth population is assigned to
the kth genetic cluster (out of K). In other words, Dj
equals the probability that two random individuals in
the jth population are assigned to different genetic
clusters.
Patterns of genetic divergence, genetic variation
and inbreeding
Although care was taken to ensure that sampled populations
represented stable effects of long-lasting natural genetic pro-
cesses, due to the lack of historical records, we were not
certain of population establishment histories. Among possible
scenarios, especially recent bottlenecks might have a strong
(and destructive) impact on our inferences about factors of the
genetic structure. Therefore, based on expected heterozygos-
ities we tested the hypothesis about recent bottleneck using
BOTTLENECK software (Cornuet and Luikart 1996). The
analysis was performed under TPM model (with default set-
tings), and the heterozygosity excess was verified using the
Wilcoxon test.
Rates of genetic divergence were estimated through
population-specific FST indices (here denoted by Fi;
i=1, 2,…), as formulated in the F-model of allele frequencies
(Gaggiotti and Foll 2010). In order to verify the null hypoth-
esis that divergence rates are not associated with longitude,
latitude or species density, we used the Bayesian approach
implemented in GESTE 2.0 software (Foll and Gaggiotti
2006). Briefly, the method uses the specific prior distribution
for Fi making the parameter to be a linear function of explan-
atory variables (e.g. environmental data). GESTE performs
cross-validation of the alternative models underlying the ob-
served divergence rates Fi. In result, population-specific Fi
estimates are provided along with the posterior probabilities
for competing models enabling straightforward model com-
parison and thus selection of the significant (environmental)
factors of genetic divergence observed in the sample. For the
purpose of the analysis, we set the regression model to be a
function of density (ρi), latitude, longitude and a free term.
GESTE programme was run using the default settings.
Using the same logic, we also performed a multiple regres-
sion analysis to verify the null hypothesis of no association
between AR, He, Di or FIS and the species’ density or geo-
graphic variables. The regression model was of the form θi=
b0+b1xi+b2yi+b3ρi, where θi is a given genetic parameter for
the ith population, xi, yi and ρi refer to longitude, latitude and
the species’ density estimated for the ith population, b1, b2 and
b3 are the slopes of the effects of longitude, latitude and
density, respectively and b0 is the intercept. Because He, Di
and FIS represent probability measures, their values were
logit-transformed before the analysis. For a given genetic
parameter, aside from the full regression model, a series of
reduced models were analysed. Then, the final parameter
estimates were obtained using the procedure for model aver-
aging (Burnham and Anderson 2002), as bY ¼ ∑
i
wibY i , where
bY i −the estimate of a given parameter under the ith model,







. In the latter formulae,Δiwas calculated as the
difference between Akaike Information Criterion (AIC)
for the ith model and AIC for the best model (i.e. that
with the smallest AIC). For the averages obtained across
models, unconditional standard errors were estimated









where VAR bY ijModeli
 
is the variance conditioned on the
ith model. Finally, the model-averaged estimates were used to
assess the statistical significance of a particular explanatory
variable using the Z-test. Multiple regression analysis was
performed usingMuMIn 1.7.2 (CRAN) library working under
the R-project environment (RDevelopment Core Team 2011).
Difference in gene dispersal between metapopulations
Under the isolation-by-distance theory, the slope of the regres-
sion function (b) obtained for pairwise FST vs. log-distance
can be used to assess the axial variance of dispersal distance
σ2 (or its square root) solving the equation b=(4πDσ2)−1,
where D is the (effective) population density (Rousset
1997). We followed this approach in order to test if there is
any difference in the scale of dispersal between the northern
(σN) and the southern (σS) metapopulation. However, rather
than assessing σN and σS separately, we focused on their
ratio. For this purpose, we first expressed the density of
the northern metapopulation as DN=αDS (N and S sub-
scripts used for northern and southern metapopulation,
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respectively). Then, the ratio of dispersal distances can










, where bS and
bN are the slopes of regression function obtained for the
northern and the southern metapopulation, respectively. Unlike
the standard approach (Rousset 1997), our procedure did not
require real (i.e. biologically meaningful) population densities
but only the coefficient of proportionality α to be known.
The α coefficient was assessed as follows. Under the
isolation-by-distance theory, if gene dispersal occurs within
a two-dimensional habitat, D is equal to N/ϵ2, where N is the
effective size of a population and ϵ is the distance to the
nearest population (Rousset 1997). Therefore, in order to
obtain α, we required N and ϵ for the two metapopulations.
In the case of N, we used the harmonic mean of the estimates
Ni for individual populations. The distance to the nearest
population ϵ was computed based on the mean densities ρN
and ρS (estimated from the presence-absence data), based on
the theoretical expectation for the distance to the nearest
neighbour under a random distribution, i.e. ϵ ¼ 12 ﬃﬃρp (Clark
and Evans 1954). We need to stress that ϵN and ϵS estimated in
that way were not expressed in a meaningful scale (e.g. in
metres). However, because we dealt with their ratio, the im-
pact of the scale vanished. Finally, having ϵN and ϵS as well as




In order to test whether metapopulations differ in dispersal
range the following procedure was applied. First, six datasets
were prepared by successively removing one locus. For each
data set, the matrix of pairwise FST values was obtained using
the ENA procedure implemented in FREE-NA software
(Chapuis and Estoup 2007). Based on each FST matrix and






. A series of six values of σNσS was used
to compute the jackknife standard error (SE). Finally,
the approximate 95 % confidence limits were computed
as σNσS  2 SE. We treated σN and σS as significantly
different when the confidence interval did not cover unity.
Results
Local species density and effective population size
Local species density ρi extracted from the generalised distri-
bution (Fig. 1), as well as estimates of the effective population
size are shown in Table 2. Values of ρi varied from 0.0018
(Kuźnik) to 0.0136 (Las Liściasty w Promnie). Averages
computed for the high- and the low-density region equalled
0.0122 and 0.0063, respectively. The t test revealed that the
difference in the mean species density between regions was
statistically significant (p value=0.0012). The effective
population size N spanned from 6.3 (Kępa Bazarowa) to
1,700.3 (Czeszewski Las). We observed slightly lower N in
the northern metapopulation (15.7 vs. 17.8). However, there
was no difference between metapopulations in a local effec-
tive population size (t test; p value=0.808).
Genetic variation and inbreeding
Among microsatellite markers used in this study, six were
polymorphic. Consequently, all genetic parameters were com-
puted disregarding the monomorphic locus Aop450. The total
per-locus number of alleles varied from 3 (MAP46) to 26
(MAP40) (Table 3), with the average being 12.5. Null allele
frequencies were generally low (0.062 on average), ex-
cept for Aop943. The overall heterozygosity within
populations was equal to 0.529 (from 0.106 to 0.805).
However, the total population exhibited apparently
higher heterozygosity level, reaching on average 0.606.
According to the estimate of Nei’s GST, the deficiency
of diversity at the population level varied from 0.080 to
0.184 (0.126 on average).
The average number of alleles within populations
ranged from 4.5 (Las Liściasty w Promnie) to 8.2
(Czeszewski Las), with the mean 6.1 (Table 4). Allelic
richness measured after rarefaction ranged from 3.8
(Łęgi na Ostrowiu Panieńskim) to 5.7 (Czeszewski
Las). It is worth noting that populations were ranked
Table 2 Local species density and effective population size
Population name ρi Ni (95 % confidence interval)
Southern metapopulation
Bielawy 0.0133 43.5 (26.8–88.6)
Czeszewski Las 0.0123 1,700.3 (87.4–infinity)
Dębno nad Wartą 0.0123 22.2 (12.5–46.4)
Dwunastak 0.0127 11.9 (7.4–18.9)
Jezioro Drążynek 0.0133 12.5 (5.7–26.6)
Las Liściasty w Promnie 0.0136 22.3 (6.3–infinity)
Rezerwat Dębina 0.0071 6.4 (3.6–9.9)
Wiązy w Nowym Lesie 0.0128 61.9 (35.8–157.6)
Mean 0.0122 17.8a
Northern metapopulation
Kępa Bazarowa 0.0092 6.3 (3.5–10.2)
Kuźnik 0.0018 12.0 (6.2–22.3)
Las Mariański 0.0081 66.2 (18.4–infinity)
Łęgi na Ostrowiu Panieńskim 0.0056 57.8 (12.3–infinity)
Ostrów Panieński 0.0067 22.3 (10.7–62.0)
Mean 0.0063 15.7a
ρi relative density at a given locality, estimated based on the presence-
absence data (see M&M for details; Fig. 1), Ni the effective population
size estimated using linkage disequilibrium
aHarmonic mean
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somewhat differently according to AR and A. However,
because the latter one is strongly influenced by a sam-
ple size, as a measure of polymorphism we always used
AR. The average expected heterozygosity varied from
0.509 (Las Mariański) to 0.699 (Czeszewski Las).
Populations revealed deficiency of heterozygotes (Ho)
as compared with Hardy-Weinberg proportions (He), except
for Las Liściasty w Promnie. The inbreeding coefficient
ranged from 0.015 to 0.300, with the grand average of
0.107. However, inbreeding coefficient (FIS) was significantly
different from zero in five populations only, indicating that the
deficiency of heterozygotes is mostly due to the presence of
null alleles (see the previous section). Based on the Wilcoxon
test for the expected heterozygosity excess we detected no
population having significant signatures of recent bottleneck
(data not shown).
Genetic structuring
The AMOVA showed that the most variation (85.1 %) is
captured within populations (Table 5). About 11.8 % variation
was among populations within regions, while only 3.2 %
variation was between regions. Nonetheless, fixation indices
at all levels were significantly different from zero.
The optimal number of genetic clusters was found to be 4
(Fig. 2). Generally, populations in the southern metapopula-
tion appeared to be a mixture of different gene pools (clusters),
except for Bielawy population, which was relatively
Table 3 Characteristics of microsatellite markers
Locus A Allele size rangea (bp) pnull HS HT GST
Aop116 12 102–126 0.019 0.660 0.737 0.105
Aop132 17 121–159 0.059 0.805 0.889 0.095
Aop943 10 84–108 0.180 0.683 0.824 0.171
MAP9 7 99–111 0.030 0.575 0.705 0.184
MAP40 26 94–172 0.055 0.781 0.874 0.107
MAP46 3 147–155 0.029 0.106 0.115 0.080
Mean (overall) 12.5 – 0.062 0.529 0.606 0.126
A the total number of alleles, pnull the average across populations frequency of null alleles,HS the expected within populationNei′s heterozygosity,HT the
expected Nei′s heterozygosity within the total population, GST the Nei′s measure of genetic differentiation
a The minimum and maximum lengths of PCR product detected for a given locus (in base pairs)
Table 4 The genetic structure of the study populations
Population A AR Ho He FIS CIFIS Fi HPDFi Di
Bielawy 7.00 4.83 0.529 0.619 0.027 (0.000,0.090) 0.111 (0.068,0.158) 0.273
Czeszewski Las 8.17 5.70 0.517 0.699 0.079 (0.001,0.249) 0.040 (0.019,0.063) 0.687
Dębno nad Wartą 7.00 4.82 0.409 0.599 0.253a (0.017,0.398) 0.078 (0.042,0.116) 0.669
Dwunastak 6.50 4.80 0.495 0.640 0.115a (0.006,0.250) 0.098 (0.058,0.145) 0.616
Jezioro Drążynek 5.50 4.34 0.439 0.636 0.105a (0.006,0.234) 0.179 (0.113,0.254) 0.522
Las Liściasty w Promnie 4.50 4.36 0.652 0.613 0.015 (0.000,0.060) 0.174 (0.097,0.262) 0.508
Rezerwat Dębina 6.00 4.29 0.524 0.584 0.079 (0.001,0.327) 0.153 (0.097,0.214) 0.512
Wiązy w Nowym Lesie 7.83 5.40 0.481 0.655 0.078 (0.001,0.212) 0.054 (0.029,0.083) 0.599
Kępa Bazarowa 5.17 4.28 0.500 0.534 0.016 (0.000,0.064) 0.226 (0.150,0.314) 0.134
Kuźnik 6.17 4.49 0.471 0.618 0.095a (0.002,0.240) 0.158 (0.098,0.219) 0.369
Las Mariański 5.33 4.18 0.343 0.509 0.300a (0.082,0.427) 0.182 (0.111,0.255) 0.576
Łęgi na Ostrowiu Panieńskim 5.00 3.83 0.380 0.534 0.052 (0.001,0.150) 0.220 (0.141,0.308) 0.313
Ostrów Panieński 5.50 4.00 0.414 0.584 0.079 (0.001,0.365) 0.182 (0.115,0.259) 0.368
Mean 6.13 4.56 0.473 0.602 0.107 – 0.143 – –
A average number of alleles, AR average allelic richness (after rarefaction), Ho observed heterozygosity, He unbiased expected heterozygosity, FIS
inbreeding coefficient (estimated using the Bayesian procedure robust to null alleles),CIFIS symmetric Bayesian 95% credible interval, Fi individual FST
(divergence rate of the ith population), HPDFi 95 % highest posterior density interval, Dj admixture level (based on individual assignment probabilities
for K=4; see the text for details)
aFIS estimates significantly greater from zero (using the Bayesian model comparison based on Deviance Information Criterion)
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homogeneous. In the case of the northern metapopulation, two
clusters can be distinguished. The first cluster was composed of
two the most southern populations (Kuźnik and Kępa
Bazarowa). The remaining three populations (Las Mariański,
Łęgi na Ostrowiu and Ostrów Panieński) formed roughly the
second cluster. Interestingly, Łęgi na Ostrowiu and Ostrów
Panieński were not completely homogeneous, despite the fact
that they are located in the same forest patch (1.4 km apart).
Admixture levels (Di) estimated based on individual assignment
probabilities ranged from 0.134 (Kępa Bazarowa) to 0.687
(Czeszewski Las) (Table 4) and were significantly negatively
correlated with Fi (Spearman’s ρ=−0.724; p value=0.005).
Patterns of genetic divergence, genetic variation
and inbreeding
Divergence rates (Fi) for individual populations ranged from
0.040 (Czeszewski Las) to 0.226 (Kępa Bazarowa) with the
mean of 0.143 (Table 4). When plotted against density, longi-
tude and latitude, Fi values increased systematically with
increasing latitude, while any apparent association was found
neither with density nor longitude (Fig. 3a). In total, eight
competing models were analysed using GESTE software
(Fig. 3b). Among these alternatives, the model containing
latitude only appeared to be the most likely, with the posterior
Table 5 AMOVA results
Source of variation Variance (%) ΦST ΦSC ΦCT
Among regions 3.17 0.032 (p=0.0012)
Among populations within regions 11.78 0.122 (p<0.0001)
Within populations 85.05 0.150 (p<0.0001)
p values shown in parentheses based on 20,000 bootrstraps
































































































Fig. 2 Clustering of individual genotypes. Top, the change in the prob-
ability of data and the Evanno′s Delta K measure as a function of the
number of clusters (K). Bottom, the results of the model-constrained
(Hardy-Weinberg and linkage equilibrium) clustering obtained using
STRUCTURE software for K=2 and 4. Note that, according to the
Evanno′s method, K=4 is the optimal model
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probability of 0.516. The second best model, in which Fi was
factor-independent (the null model), had the posterior proba-
bility of 0.282, while the remaining alternatives had the cu-
mulative posterior probability of 0.202. Among the three
explanatory variables, latitude had the highest posterior prob-
ability of 0.634 (Fig. 3c). Thus, GESTE revealed that the
genetic divergence was significantly explained by latitude,
while the impact of the other variables was relatively low.
The geographic pattern, but the opposite to that for diver-
gence rates, was also identified for allelic richness and genetic
diversity (Fig. 4). Based on the multiple regression analysis
(Table 6), latitude appeared to be the only significant factor of
genetic structure, explaining the decrease in polymorphism
(AR), genetic diversity (He) and, marginally significantly,
admixture level (Di). Nonetheless, latitude did not explain
inbreeding levels. Interestingly, although significantly corre-
lated with latitude, density (and thus population fragmenta-
tion) appeared to be insignificant explanatory variable for the
observed genetic structure.
Difference in gene dispersal between metapopulations
Given the mean values of ρ for eachmetapopulation (Table 2),
the (unitless) values of ϵ computed for the southern and
northern regions were 4.529 and 6.325, respectively. Taking
the mean effective sizes, the ratio of densities of the two
metapopulations equalled α=0.452. The slope of regression
function, computed to fit the relationship between genetic and
geographic distance, equalled 0.031 (±0.008) and 0.012
(±0.003) for the northern and the southern metapopula-
tions, respectively (Fig. 5). Consequently, the ratio of
dispersal scales σNσS equalled 0.949 with the 95 % con-
fidence interval between 0.596 and 1.303. Thus, the test
showed no difference in dispersal scales between the
two metapopulations.
Discussion
The results obtained in this study showed that populations of
A. campestre located closer to the northern margin of the
natural distribution are characterised by lower genetic varia-
tion and higher divergence rates. This pattern is in line with
the theoretical predictions for the ‘central-marginal’ theory,
that peripheral populations experience more genetic drift lead-
ing to reduced genetic variation as compared with more cen-
tral populations (Vucetich & Waite 2003; Eckert et al. 2008).
This kind of spatial pattern is generally found in tree species
(e.g. Tollefsrud et al. 2009; Grivet et al. 2009), although such
studies often require large spatial scales (Comps et al. 2001;
Coart et al. 2005). This is because trees are often characterised
by wide distribution, high potential for gene flow and strong
human impact, including forest management and translocation
of seed material (Petit and Hampe 2006). Interestingly, some
authors propose the existence of ‘the paradox of forest frag-













































































Fig. 3 Results of the Bayesian estimation of the effect of longitude and
latitude on genetic divergence rates (expressed as Fi/(1–Fi)). a Individual
divergence rates as a function of density, longitude and latitude. b The
posterior probability of eight competing models (Dens density, Long
longitude, Lat latitude). c The posterior probability, and thus the impact,
of explanatory variables















































































































































































Fig. 4 Geographic patterns of
genetic polymorphism (a),
genetic diversity (b), inbreeding
(c) and admixture level (d). Lines
show the best-fitting linear
regression functions
Table 6 Geographic variation in genetic parameters
Parameter Latitude Longitude Density
b1 SE p value b2 SE p value b3 SE p value
AR −0.900a 0.332 0.007 −0.124 0.311 0.690 −15.746 77.142 0.838
He −0.336a 0.155 0.030 −0.195 0.117 0.094 4.845 31.454 0.878
Di −1.056 0.580 0.069 −0.433 0.480 0.367 −3.236 117.265 0.978
FIS −0.424 1.066 0.691 −0.126 0.647 0.846 −65.845 124.594 0.597
Regression slopes (b) reflecting effect sizes for the three explanatory variables (i.e. latitude, longitude and density) were estimated as the averages across
all alternative models (see M&M for details)
a Effect sizes (regression slopes) significantly different from zero (α=0.05)
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standard consequences of population fragmentation (Kramer
et al. 2008; but see Piotti 2009). On the contrary, our study
demonstrated that the significant spatial genetic patterns can
be detected for a tree species even at relatively restricted
spatial scale.
Theoretically, fragmented populations tend to show elevat-
ed inbreeding (Young et al. 1996; Jump and Penuelas 2006;
Aguilar et al. 2008). When fragmentation leads to isolation
(i.e. dispersal between fragments is rare), populations experi-
ence pollen limitation in effect of reduced number of pollen
donors (Bierzychudek 1982; Fox 1992; Scobie and Wilcock
2009). In such conditions recurrent consanguineous mating
can lead to genetic purging (Pujol et al. 2009), weakening
inbreeding depression and opening potential for further in-
crease of inbreeding. When fragmentation is due to ecological
conditions, like in marginal habitats, inbreeding can be espe-
cially adaptive because it can help avoiding decreased fecun-
dity (Fischer and Matthies 1997; Busch 2005; Mimura and
Aitken 2007; Michalski and Durka 2007; Johnson et al. 2009;
Tollefsrud et al. 2009). Nonetheless, because empirical studies
provided a mixed support for this prediction, it was argued
that in many cases populations experienced fragmentation
only recently, so that the observed inbreeding level still re-
flects more the historical conditions rather than the reduced
population size (Aguilar et al. 2008). Alternatively, fragmen-
tation did not lead to increased inbreeding because of long-
distance gene flow (Wang et al. 2011; Leonardi et al. 2012). In
our study, however, A. campestre represents a stable distribu-
tion, with northern populations being naturally fragmented
long enough to assure inbreeding to accumulate. However,
in the study species, we found no support for the theoretical
prediction, as inbreeding did not increase together with the
population fragmentation (i.e. towards northern periphery). In
fact, inbreeding levels were not associated with geographic
location, and populations were rather outbred, except for five
populations with significant FIS values. Extremely high values
of FIS (>>0.1) were estimated for two populations. In the case
of microsatellite markers, null alleles often cause overestima-
tion of the inbreeding coefficient (Van Oosterhout et al. 2006).
Nonetheless, in this study FIS estimates were obtained with
the method robust to null alleles (Chybicki and Burczyk 2009;
Campagne et al. 2012), so that other reasons were required. In
the case of Czeszewski Las (located in the region of higher
species abundance), the genetic clustering revealed the highest
admixture level. As the probability model underlying the esti-
mation procedure assumes a single gene pool (Chybicki &
Burczyk 2009), at least in this case FIS could be biased.
Similar reasons could lead to the elevated inbreeding estimate
in the case of Las Mariański, which represented the most
admixed gene pool in the region of lower species abundance.
Alternative explanation would be a specific colonisation histo-
ry, if a few (related) adult trees gave a rise to the population
(Pujol et al. 2009; Chybicki et al. 2012). However, because no
signatures of a strong bottleneck were revealed, the hypothesis
of bottleneck has no support from the data. Another possibility
is that self-fertilisation contributed substantially to the observed
generation. Bendixen (2001) showed that A. campestre can
reproduce through self-fertilisation, but the ability to selfing
revealed high individual variation ranging from 0 to 100 %,
with the average 16.7 %. Because she observed significant
correlation in selfing rates between two successive seasons, it
cannot be excluded that this feature is partly genetically deter-
mined. If so, the ability to selfing may follow the high differ-
entiation between populations observed for the neutral genetic
variation, but this needs to be verified empirically. If this was
the case, however, the ‘central-marginal’ prediction for in-
breeding levels would not be applicable in the study species.
Besides assessing spatio-genetic patterns, we also tested
whether fragmentation had an impact on the scale of gene
dispersal. However, we failed to show that increased fragmen-
tation leads to decreased gene dispersal. In addition, we
showed that the estimates of effective population size ap-
peared practically the same in low- and high-density regions.
However, we showed that the increased fragmentation or
decreased species density shaped the steeper relationship be-
tween Fst and the geographic distance, implying that, given an
invariant dispersal scale and equal effective population sizes, a
species density influences only the effective number of mi-
grants (Rousset 1997). In fragmented populations, the scale of
effective gene dispersal tends to be reduced compared with the
potential gene dispersal if the radius of local population
(clump) is shorter than the scale of potential dispersal. It is































Southern metapopulaonFig. 5 Spatial genetic structure
measured using pairwise
(linearized) FST coefficients
between populations in the
northern and the southern
metapopulation
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because only short-distance (relatively frequent) and long-
distance (relatively rare) dispersal takes effectively place, while
intermediate-distance dispersal events are missing (Robledo-
Arnuncio and Austerlitz 2006). On the other hand, if the scale
of potential dispersal is much shorter than the radius of local
population, potential and effective dispersal should be equal
(Cuartas-Hernández et al. 2010). Thus, the result of no differ-
ence in dispersal between the two metapopulations would be
reasonable only, if gene dispersal in the study species was very
restricted. Interestingly, both AMOVA and low effective size
estimates suggest low gene flow between populations. On the
other hand, the model-based clustering showed rather low
genetic structuring, suggesting a possibility for long-distance
dispersal. Thus, the questions remains: what is the actual po-
tential for gene dispersal in the study species?
Field maple produces winged seeds (samara), which have
rather limited dispersal capabilities (Young and Merriam
1994; Clark et al. 1998), except for specific situations, like
dispersal in open areas (Johnson 1988). Although no data
exist on seed dispersal of the study species, the study on
Acer opalus, an analogous species inhabiting southern and
western Europe, revealed that the average distance of seed
dispersal is between 2.3 and 4.2 m but does not exceed 12.5 m
(Gomez-Aparicio et al. 2007). Phylogenetic data showed that
genetic differentiation of A. campestre at maternally inherited
chloroplast genome is as high as that of heavy-seeded tree
species (Petit et al. 2003), providing support for the restricted
seed dispersal. No data on pollen dispersal are available for
A. campestre. However, the parentage analysis showed that
the average distance between mates in A. opalus was as short
as 1.99 m only (estimated based on the scale parameter of the
exponential dispersal kernel) (Gleiser et al. 2008). Also, pol-
lination distance of 2.08 m only was estimated (based on the
same approach) for Acer pictum, a bee-pollinated Asian con-
gener (Shang et al. 2012). In both cases, mating was restricted
mainly to close neighbours. Generally, studies on seed and
pollen dispersal suggest that gene dispersal in the study spe-
cies can occur mostly locally, i.e. within isolated populations.
Nonetheless, as mentioned in the introduction, field maple is
likely capable of (at least incidental) wind-pollination, which
is generally known to facilitate long pollen flow (Ashley 2010
and references therein). Also, insect-pollination can be very
effective in terms of dispersal distances, as shown in the case
of many fragmented tropical species (Nason and Hamrick
1997; White et al. 2002). In Poland, A. campestre starts
flowering relatively early in the season (in April–May) and
because even a single tree can produce a large number of
flowers, it may be attractive food resource for pollinating
insects. However, we believe that due to low density, it does
not allow for optimal foraging of pollinators so that long-
distance pollen transport is rather infrequent. Overall, al-
though the species has some potential for long-distance gene
dispersal, a majority of gene flow occurs at short distances.
In many fragmented species, a common confounding fac-
tor of genetic structure is the colonisation process (Pannell and
Dorken 2006). For example, in many European trees the
geographic distribution of genetic diversity reflects the process
of postglacial recolonisation (Comps et al. 2001; Coart et al.
2005; Tollefsrud et al. 2009; Grivet et al. 2009). In conse-
quence, genetic diversity tends to decrease with the distance
from refugia (generally northwards), even if no sharp differ-
ences in a species’ current density can be found. Interestingly,
our study showed that the study species’ density did not influ-
ence both a dispersal scale and genetic structure parameters. On
the other hand, both genetic variation and divergence rates co-
varied with latitude. Because we excluded recent bottlenecks as
well as the impact of dispersal (no differences between low-
and high-density regions), it seems that the observed genetic
structure likely reflects the historical process of the species’
postglacial recolonisation. In the recolonisation, the founder
effect plays the key role in shaping genetic variation
(Austerlitz et al. 2000; but see Born et al. 2008). It is especially
expected for species with low dispersal capabilities, such as the
study species, where every new population is likely established
by only a few migrants (Austerlitz and Garnier-Géré 2003). In
this way, together with the distance from the ancestral popula-
tion (measured both in space and time), genetic variation
decreases and divergence increases.
Final remarks
Our study demonstrated that the species abundance decreasing
towards range limit concurs with sharp genetic patterns in
A. campestre. However, we rejected the hypothesis of the
impact of species’ density on the genetic variation and dis-
persal scale. We also showed that inbreeding levels were not
associated with the species abundance. This result contradicts
with the expectation for pollen limitation and may suggest that
a number of pollen donors is large enough even at the range
margin. Also, our study demonstrated that the latitudinal
genetic variation, observed frequently in European trees, is
also present in the study species. However, as compared with
the other species, the pattern is observed even at a local spatial
scale. We speculate that this may be mostly due to high
fragmentation and low dispersal capabilities. However, these
hesitations can be only resolved through in-depth insights into
matting patterns. Therefore, we recommend that future studies
should focus on mating patterns through paternity or parentage
analyses, addressing levels of selfing, biparental inbreeding
and effective number (or density) of pollen and seed parents.
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